Insulin-like growth factor I (IGF
Insulin-like growth factor I (IGF-I) belongs to a family of peptide growth factors that stimulate cell proliferation and differentiation (1, 2) and are expressed in developing tissues (3) (4) (5) (6) and in response to injury (7) (8) (9) (10) (11) .
Several lines of evidence suggest that IGF-I may be involved in both endocrine and exocrine pancreatic growth. Specific receptors for IGF-I have been described on rat pancreatic a and p cells and murine acinar tissue (12, 13) . Other studies have shown that cultured fetal rat islets and human fetal pancreatic explants release immunoreactive IGF-I into the medium (14) (15) (16) and IGF-I has been localized to isletl cells by immunohistochemistry (16) . However, the response elicited by exogenous IGF-I on cultured islets (17, 18) and acinar tissue (19, 20) varied with the age and the culture conditions of the animals from which the islets were isolated. The role of IGF-I in pancreatic growth is not clear, since the results obtained under culture conditions may not reflect the in vivo state. Therefore, we used a rat model of pancreatic regeneration, the 90% partial pancreatectomy, to investigate changes in the expression of IGF-I and to localize the cells synthesizing this factor.
MATERIALS AND METHODS
Experimental Animals. Under sodium amytal anesthesia, 100-g male Sprague-Dawley rats underwent a 90% pancreatectomy by a modification of the method of Folgia as described by Bonner-Weir et al. (21) . Briefly, the pancreatic tissue was gently abraded from the blood vessels except for an anatomically well-defined portion bounded by the common bile duct and the duodenum; for sham animals, the pancreas was rubbed between the fingers but no tissue was removed. At 1, 3, 7, and 14 days after surgery, blood for plasma glucose and insulin values was obtained by tail snipping from the nonfasted animals, and then the animals were killed. The remnant pancreas, a corresponding area of the pancreas in the sham animals, and the right lobe of the liver were removed for RNA isolation. Plasma glucose values were determined using a glucose analyzer (model II, Beckman) and plasma insulin values were determined by radioimmunoassay (22) .
RNA Preparation. Total pancreatic RNA was isolated by the guanidinium thiocyanate method (23) . RNA concentrations were determined spectrophotometrically at 260 nm. The integrity of the RNA was monitored by ethidium bromide staining after electrophoresis of 2 pug of total RNA in 2.2 M formaldehyde/1.2% agarose surface-tension gels (24) .
IGF-I Probe. The rat IGF-I cDNA was a generous gift of D. LeRoith and C. Roberts (National Institutes of Health). A 240-base-pair fragment of IGF-I cDNA derived from the coding region of the IGF-I mRNA was subcloned into bacteriophage M13mpl9. DNA was uniformly labeled with [a-32P]dCTP (800 Ci/mmol; Amersham; 1 Ci = 37 GBq) to a specific activity of 108 cpm/,ug by using recombinant phage DNA as a template to generate single-stranded antisense DNA for use in S1 nuclease protection assays and in situ hybridization. To improve resolution of in situ hybridizations, the DNA was also labeled with [a- [35S] thio]dCTP and [a- [35S] thio]dATP (1100 Ci/mmol; Amersham). As a negative control for in situ hybridizations, a labeled probe was synthesized using a phage containing the antisense IGF-I DNA fragment. For dot blot hybridization, the 240-base-pair IGF-I cDNA was labeled to a specific activity of 5 x 108 cpm/,ug by using a random-hexanucleotide priming kit (Boehringer Mannheim) with [a-32P]dCTP (3000 Ci/mmol; Amersham). S1 Nuclease Protection Assay. S1 nuclease protection assays were used to increase the sensitivity of detection of IGF-I mRNA (25) . After 50,000 cpm of labeled probe was hybridized to 10 ,g of each RNA sample at 47°C for 18 hr in 75% formamide/400 mM NaCl, the reaction mixture was digested with S1 nuclease (Pharmacia; 150-225 units/ml) for 60 min at 37°C. Protected hybrids were precipitated with ethanol, dried, resuspended in 80% formamide loading buffer, and run in 8 M urea/5% polyacrylamide sequencing gels to size the protected fragment. Dried gels were exposed to x-ray film with intensifying screens for 1-3 days. 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. mM sodium citrate), 2x Denhardt's solution (final concentration, 0.04% bovine serum albumin/0.04% Ficoll/0.04% polyvinylpyrrolidone), 50 mM sodium phosphate, 2 mM vanadyl ribonucleoside, and 100 Ag of denatured salmon sperm DNA per ml. Following hybridization for 18 hr at 420C, blots were washed twice in 2x SSC/0.1% SDS at room temperature for 30 min, twice in lx SSC/O.1% SDS at 420C for 30 min, and once in 0.1 x SSC/O.1% SDS at 550C for 1 hr. Blots were then autoradiographed for 1-5 days and autoradiograms were quantified on a scanning video densitometer (Zeineh; Biomedical Instruments, Fullerton, CA). Blots were reprobed as described above with a randomly primed 32P-labeled chicken a-tubulin cDNA to confirm equivalent loading of each sample on the filter.
In Situ Hybridization. Sections of paraffin-embedded pancreas (5 ,tm) from pancreatectomized or sham rats that had been perfused with 4% paraformaldehyde in vivo were mounted on gelatin-coated slides and deparaffinized and rehydrated through graded concentrations of ethanol. Pretreatment consisted of the following steps: 0.2 M HCI for 10 min, 0.01% Triton X-100 for 1.5 min, proteinase K at 1 Ag/ml in phosphate-buffered saline for 30 min at 370C, and 0.1 M triethanolamine/0.25% acetic anhydride for 10 min. The sections were prehybridized for 3-4 hr at 40°C in a solution containing 50%o formamide, 2 x SSC, 25 ,ug of yeast tRNA per ml, Sx Denhardt's solution, 25 mM EDTA, 0.2% SDS, and 250 ,ug of denatured salmon sperm DNA per ml. To reduce nonspecific binding with 35S-labeled probes, 10 mM dithiothreitol was added to all solutions and washes. The sections were hybridized for 18 hr at 45°C in the prehybridization solution containing 5% dextran sulfate and 50,000-100,000 cpm of 32P-labeled probe or 200,000 cpm of 35S-labeled probe per slide. Adjacent sections were hybridized with the labeled sense strand as the negative control. The sections were washed four times in 2 x SSC at room temperature for 30 min, once in 1 x SSC at room temperature for 30 min, and finally in 0.1 x SSC at 450C for 1 hr. Sections were then dehydrated through graded concentrations of ethanol containing 0.3 M ammonium acetate and air-dried. For autoradiography, the slides were dipped in Kodak NTB-2 emulsion diluted 1:1 with 0.6 M ammonium acetate. Sections hybridized with 32p_ labeled probe were exposed for 48 hr and those with 35S-labeled probe for 2 weeks before development. Sections were counterstained with hematoxylin and examined by both brightfield and darkfield microscopy. 
RESULTS
Seven days after 90%o pancreatectomy, plasma glucose values were elevated by 1.1-1.7 mM over sham levels (10.0 + 0.6, n = 6 pancreatectomized rats, vs. 8.4 + 0.4, n = 3, sham rats). In contrast, plasma insulin values were not significantly different at any time point, as previously reported (21) .
To examine the expression of IGF-I mRNA in regenerating pancreas, we first hybridized an IGF-I probe to a Northern blot containing 10 ,g of total RNA from pancreas and 5 ,ug of RNA from liver. Liver RNA contained transcripts of 7.5, 4.7, 1.7, and 1.2 kilobases, as previously described (26) . Identical transcripts were visible in total pancreatic RNA before and after pancreatectomy but were near the limit of detection (unpublished data). Therefore an S1 nuclease protection assay was used to increase the sensitivity of detection of IGF-I mRNA (Fig. 1) . Densitometry of three different autoradiograms revealed an 8-fold increase in the IGF-I protected fragment 3 days after pancreatectomy. At 7 days, the levels of IGF-I were 4-fold higher than in sham animals but were equal to those of sham animals by 14 performed to test multiple samples at each time point in the same assay. Although there was variability in the IGF-I mRNA levels 1 day after pancreatectomy, all pancreatectomized animals had more IGF-I mRNA than corresponding sham animals at 3 days. Later the expression of IGF-I was less variable in the samples and mRNA levels showed the same pattern found by S1 nuclease assays (Fig. 2 Left) . Reprobing the dot blots with tubulin DNA verified equivalent application of RNA samples. Densitometric analysis of the dot blot autoradiogram found the peak of IGF-I expression at 3 days after pancreatectomy (4-fold increase), which correlated with the S1 nuclease assays. The level of IGF-I mRNA was 3-fold increased 7 days after surgery and returned to normal by 14 days (Fig. 2 Right) . The level of IGF-I mRNA in sham animals was slightly elevated 1 day after pancreatectomy compared with 14 days and probably reflected the small sample size, although an effect of surgical manipulation or anesthesia has not been ruled out.
To identify the cell type(s) with increased IGF-I mRNA, in situ hybridization was performed on sections of rat pancreas 3 days after pancreatectomy, when IGF-I expression was highest. In pancreatectomized and sham animals, autoradiographic grain labeling corresponded only to the location of the capillary endothelial cells and not to the endocrine or exocrine cells. An example of this localization is seen in Fig.  3 . Thus it appeared that capillary endothelial cells were the major site of IGF-I expression in the normal adult rat pancreas, although very low levels of expression by f3 cells cannot be ruled out. However, highest labeling was found in focal areas of regeneration, unique to the pancreatectomized animals (Fig. 4) . These foci of regeneration accounted for 10-15% of the pancreatic remnant and consisted of proliferating ductules and blood vessels surrounded by loose connective tissue. In the connective tissue, numerous cells were heavily labeled, while other cells in the same area were totally devoid of grains (Fig. SA) . We have identified both activated macrophages and fibroblasts in these areas but have not determined whether these were the cell types expressing IGF-I (unpublished data). Within the focal areas of regeneration, proliferating ductules were abundant and specific labeling was found over the ductule epithelial cells (Fig. 5 B  and C) . These focal areas of regeneration were found 3 days after pancreatectomy, were rarely seen at 7 days, and were not present in sham animals. Therefore the relative increase in IGF-I expression in the pancreatectomized animals could be accounted for by the induction of IGF-I mRNA specifically in these focal areas of regeneration. niques to study the effects ofhormones and growth factors on pancreatic islets (27) and exocrine tissue (19, 20) . We have used the 90% pancreatectomized rat model, in which there is marked pancreatic regeneration, to study the expression of IGF-I. In this model, growth occurs by neogenesis from proliferating ductules and by increased replication of existing differentiated cells (28) . Enhanced IGF-I mRNA expression in regenerating pancreatic tissue peaked 3 days after pancreatectomy but then declined to control levels by 14 days. This peak coincided with a rise in the mitotic index of both /3 and exocrine cells following pancreatectomy (28) , suggesting that IGF-I may act in an autocrine or paracrine manner to stimulate pancreatic growth. This conclusion is supported by studies that show increased IGF-I biosynthesis in regeneration after injury in a number of tissues (7) (8) (9) (10) (11) . In addition, the temporal expression of IGF-I after pancreatectomy is similar to the time course of maximal IGF-I biosynthesis in regenerating muscle (7, 8) and in rat kidney during compensatory renal hypertrophy (11) .
Using in situ hybridization, we have demonstrated the specific localization of IGF-I mRNA in the pancreas. In both pancreatectomized and sham animals IGF-I mRNA was localized to capillary endothelial cells, suggesting that this is the predominant site of IGF-I expression in the normal rat pancreas. IGF-I synthesis also occurs in endothelial cells in numerous other tissues (29, 30) . We detected no differences in the level of IGF-I expression in pancreatic endothelial cells from pancreatectomized and sham animals, while arterial endothelial cells appear to increase IGF-I synthesis after injury (9) . The majority of the enhanced IGF-I expression was localized to unique focal areas of regeneration in the pancreatectomized animals. In these areas both individual connective tissue cells and ductule epithelial cells expressed IGF-I. The connective tissue cells, which have yet to be fully identified, are likely to include cells of mesenchymal origin, fibroblasts, and macrophages, which are all known to synthesize IGF-I (31-33).
Proliferating ductules were abundant in the focal areas of regeneration 3 days after pancreatectomy. In this model, pancreatic acinar and islet tissue developed by budding from these ductules in a process similar to neogenesis from protodifferentiated ductules in embryonic development (34) . Since levels of IGF-I mRNA decreased concordantly with a decrease in proliferating ductules by 7 days, IGF-I may play a critical role in cellular differentiation rather than proliferation in ductule epithelial cells. This view is supported by reports that IGF-I is involved in cellular differentiation in a number of other cell types (35-37).
IGF-I mRNA levels returned to control levels by 14 days but there was still sustained growth of pancreatic cells, particularly the ,3 cells (28) . This growth may be the result of a cascade effect of IGF-I stimulation or a secondary effect of other mitogens such as glucose. Mild hyperglycemia was present 7 days after pancreatectomy, and studies in vivo (38) and in culture (39, 40) demonstrated that glucose stimulated ,8-cell growth and DNA synthesis.
We found no evidence of IGF-I expression in normal or regenerating adult endocrine or exocrine tissue. Immunoreactive IGF-I has been found in culture medium from pancreatic islets and explants (14-16) and IGF-I was localized to human fetal /8 cells by immunohistochemistry (16) . IGF-I mRNA was not found in pancreatic acinar, ductule, or islet cells in the human fetus; it was present in "retroperitoneal tissue," but the pancreatic cell types were unspecified (31). These differences are most likely explained by the age of the animals studied, since fetal tissues often express IGFs not present in the same adult tissue (2) . Furthermore, immunohistochemical localization may represent receptor-bound IGF-I and not cellular biosynthesis.
The results of our study demonstrate that following 90% pancreatectomy, IGF-I mRNA levels increase rapidly and are associated with pancreatic growth. Although capillary endothelial cells express IGF-I mRNA, the majority of IGF-I expression in the regenerating pancreas is localized to proliferating ductule epithelial cells and the surrounding connective tissue cells. The cellular signals for the induction of IGF-I in this model of regeneration are unknown. IGF-I may play an important role in pancreatic regeneration by autocrine or paracrine mechanisms to stimulate DNA synthesis or may act as a differentiation factor in the proliferating ductules.
